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ABSTRACT 
 
An open graded friction course (OGFC) is a type of porous pavement that has 
been used to improve safety, mainly in wet conditions. However, this mix also has 
exhibited poor durability and strength which limits its use in some pavement applications. 
This research investigated the effect of aggregate gradation on the performance of 
OGFCs. Ten OGFC gradations which are used by twenty different states were compared. 
One asphalt binder was used throughout the research (PG 76-22) and hydrated lime and 
cellulose fibers were also added to all of the mixes.   
Several tests, using various standardized testing procedures, were used in this 
study to evaluate laboratory performance of the different OGFC mixes. These included 
draindown, Cantabro abrasion loss, rutting resistance, permeability, and moisture 
susceptibility.  
The results of the study indicated that the addition of fiber stabilizers significantly 
reduced the potential for draindown and significantly improved the durability of the 
mixtures. All of the mixes unconditioned and conditioned had an abrasion loss well 
below the limit criteria.  The results also indicate that an increase in dry rodded unit 
weight of the aggregate gradation contribute to significant reduction in porosity and 
permeability of the OGFC mixture. Consequently, strengths decreased as air voids 
increased, porosity increased with air voids, and permeability increased as air voids 
increased. There was no significant difference between unaged and aged sample abrasion 
resistance results except for two mixes. The ten mixes showed good moisture resistance 
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characteristics and most of the mixes had no significant difference in tensile strength after 
the moisture-conditioning procedure. Furthermore, the effects of rutting did not correlate 
with dry rodded unit weights or air void content.  
Finally, it was found that the aggregate gradation does influence the performance 
of OGFC mixtures; an increase in the dry rodded unit weight (reduction in void ratio) of 
the gradation reduces the permeability and increases the strength. Therefore, an aggregate 
gradation for an OGFC mixture can be optimized depending upon the performance 
requirements (permeability or strength) based on the void ratio of the gradation. 
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CHAPTER ONE   
INTRODUCTION 
An open graded friction course (OGFC) is a special type of asphalt mixture that 
has been used in different parts of the United States to improve the frictional resistance of 
pavements; thus, improving motorist safety. OGFC can be described as a thin permeable 
asphalt layer that is applied on top of an impervious asphaltic concrete base layer (Fitts 
2002). The OGFC layer contains a high percentage of air voids after compaction allowing 
water to penetrate through it during rain to minimize splash and spray (Huber et al. 
2000). The mix consists of binder, additives, and a high proportion of coarse aggregate 
with a limited amount of fines. Figure 1.1 shows the structure of a typical OGFC mixture. 
 
Figure 1.1 Structure of an OGFC mixture 
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OGFC has been used by many states because of its safety and environmental 
benefits. Minimizing water accumulation on the pavement surface reduces hydroplaning, 
reduces water splash and spray, and improves skid resistance on wet pavement. It is 
essential for the design of the road structure to allow the water passing through the OGFC 
layer to drain off to the sides of the road to ensure adequate water discharge (Van 
Heystraeten 1990). OGFC also reduces glare because its texture diffuses reflections from 
the pavement during the day and night, making the road and its markings more visible 
(Tappeiner 1993).  An OGFC layer has also been proven to be beneficial to the 
environment due to its ability to reduce rolling noise and improve the quality of water 
runoff during rain events.  
The initial experimentation of OGFCs was in Oregon during the 1930s as plant 
seal coats to improve frictional properties. During the 1940s, California began using the 
plant mix seal coats as drainage inter-layers and as an alternative to chip seals and slurry 
seals. Europeans took the U.S. version of open-graded friction courses developed in the 
1930s through the 1970s and, through research, improved the performance of these 
mixes. Improvements primarily included the use of modified asphalt binders and fibers. 
The modified binders and fibers alleviated some of the problems that were encountered 
with open-graded friction courses in the United States (Cooley et al. 2009). This also 
increased the life of OGFC pavements; in southern states the life span of OGFC 
pavements averages 7 – 12 years (Morris 2001).  
 The main difference between an open graded mix and dense graded asphalt mix is 
that the proportions of fine aggregate in the open graded mixture are much less than the 
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coarse aggregate. Thus, there is higher percentage air voids (approximately 15-20%) and 
a more open structure in an open graded mixture as compared to the typical dense graded 
hot mix asphalt (HMA). Figure 1.2 shows the difference in surface texture between the 
conventional dense HMA and OGFC. 
 
Figure 1.2 Surface texture of Conventional dense HMA (left) and OGFC (right) 
 
There are three types of open-graded mixes typically used in the U.S. The most 
commonly used is the Open Graded Friction Course (OGFC), which contains 
approximately 15 percent air voids with no minimum air voids specification. The second 
type of mix, the Porous European Mix (PEM), contains 18-22 percent air voids and uses 
higher quality aggregate and asphalt binder modifiers (Watson 1998). The third type of 
mix is the Asphalt Treated Permeable Base (ATPB) which is used as a drainage layer 
below dense graded HMA, stone matrix asphalt (SMA) or Portland cement concrete 
(PCC). 
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 With all of the advantages of OGFCs, there are some disadvantages.  Durability 
issues mainly associated with raveling are the biggest concern, especially on high-speed 
roadways. Another drawback to the mixture is that it is susceptible to clogging. The voids 
that let the water run through it can also be filled up with clogging material; most 
commonly sand or debris. OGFC mixtures freeze faster than conventional HMA 
mixtures, and remain frozen for a longer period, which requires special winter treatments 
and generates higher maintenance costs.  
OGFCs have been experimented with widely in the United States over the past 50 
years (Huber et al. 2000). Over the years, many studies have been conducted to improve 
the performance of OGFCs. Some of the significant improvements that have been made 
were related to gradation and type of binder used. Studies continue on this topic to 
enhance the performance of these mixtures and develop a better, more durable mix. A 
well-designed, well-constructed OGFC should not have raveling problems and should 
reasonably retain high permeability during its life. 
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Objectives and Scope 
The main objective of this research project was to evaluate the effects of 
aggregate gradation on the properties of open graded friction course mixtures. To 
accomplish this objective, the following tasks were completed:   
1. Conduct a literature review on OGFC gradations used by different 
agencies in the US, including properties and performance of the mixture.  
2. Select a variety of aggregate gradations to evaluate that represent the 
range specified throughout the US. 
3. Determine the optimum binder content for the gradations using one 
aggregate source. 
4. Evaluate the properties (porosity, permeability, abrasion resistance, rutting 
resistance, and indirect tensile strength) of each.  
5. Determine the effects of aggregate gradation on the properties of OGFC 
and make recommendations. 
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Organization of Thesis 
This thesis is divided into five chapters. Chapter One is an introduction on the 
topic of OGFCs, as well as the problem statement and objectives of the research.  Chapter 
Two presents a literature review that relates to this research. This review provides 
background information of OGFCs, the gradations used in the United States, benefits and 
applications, construction and maintenance, and limitations of OGFC. Chapter Three 
documents the materials and experimental procedures used in this research. The 
experimental results along with discussions are included in Chapter Four.  Finally, 
Chapter Five provides a summary of the research, presents the overall conclusions, and 
provides recommendations. 
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CHAPTER TWO  
LITERATURE REVIEW 
OGFC is an open-graded hot mix asphalt (HMA) mixture with interconnecting 
voids that is placed over an impermeable pavement surface (Figure 2.1). It is used on 
highways to facilitate rapid drainage of runoff to the shoulder during rainfall, to improve 
friction and night visibility, and to reduce hydroplaning, noise levels, and splashing. 
OGFC is not the same as Porous Asphalt (PA); even though the asphalt mixes for PA and 
OGFC are often identical. The principal difference between a PA system and OGFC is 
that PA (by design) allows surface water to drain through the porous media reservoir. 
OGFC, however, permits near surface drainage only with no surface water infiltration to 
the road base.  
 
 
Figure 2.1 Open Graded Friction Course 
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U.S. Experiences with OGFC 
 
 
OGFCs were first used in California in 1944 as a plant mixed seal coat. It became 
popular in the early 1970s and slowly spread to other states. In the early 1970s, the 
Federal Highway Administration (FHWA) started a program to improve the overall 
frictional resistance of road surfaces; this led to the spreading of OGFC across the US 
(Kandhal 2002). In 1978, 15 states were using OGFCs, and the number increased to 27 
states by 1988. However, in 1998, the number of states using OGFCs declined to only 22 
(Huber et al. 2000). The 1998 survey conducted by the National Center for Asphalt 
Technology (NCAT) found that 38% of the respondents had once used OGFCs and then 
discontinued their use, and 8% of the states had actually never used OGFCs (Kandhal et 
al. 1998).    
  In the 1980s, many states discontinued the use of OGFCs due to durability issues, 
citing raveling as the main reason. Some states, however, tried to improve the mix by 
adding polymer-modified binders and fibers and using more durable aggregates. These 
modifications reduced binder draindown and increased binder content and air voids. This 
allowed a thicker binder film on the aggregate, which, in turn, reduced raveling and 
oxidation (Fitts 2002). 
The estimated average service life of OGFCs is between 8 and 12 years. Of the 
states that used OGFCs, they typically used them on either medium-traffic or high-traffic 
roads. OGFC mixes are more desirable on high speed roadways because high speeds are 
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needed to generate enough hydraulic action under vehicle tires to allow the OGFC layer 
to be self-cleaning and therefore maintain its permeability longer (Huber et al. 2000). 
 
European Experiences with PFCs 
 
In 1990, the Transportation Research Board included a specific section in their 
publication No. 1265 on the use of OGFCs in Europe (National Research Council (U.S.) 
1990). The OGFCs were called Permeable Friction Courses (PFCs) with more than 20 
percent air voids. Isenring et al. stated that Switzerland first used OGFCs in 1972 on an 
airport runway and then used it on highway pavements in the late 1970s and early 1980s. 
The Netherlands also first used OGFCs in 1972; by 1990, it was decided that the entire 
highway network was going to be paved with porous asphalt (Van Der Zwan 1990, 
Nielsen 2006).  From 1980 to 1990 Spain had placed more than 3.6 million yd2 (3 million 
m2) of OGFC (Ruiz, A. 1990). During the 1980s, OGFC use became more widespread 
because of its noise-reduction characteristics. The literature also shows a number of other 
European countries that utilize PFCs, including Italy, France, Belgium, Austria, and the 
United Kingdom (Kandhal 2002, Decoene 1990).  
 
Gradation 
 
The aggregate gradation for OGFC mixes should contain a large percentage of 
coarse aggregate. Ruiz et al indicate that the selection of the amount of fine aggregate is 
important (1990). The fine aggregate content must be low enough to prevent the closing 
up of air voids and must not separate the coarse aggregate particles. Separation of the 
coarse aggregate particles will increase the potential for rutting. Ruiz et al also found that 
  
some amount of filler (finer than 0.075 mm
helping prevent particle loss (
As part of NCHRP Project 09
of the world to determine which agencies use OGFCs
percent of the survey recipients responded, including 32 US states 
Austria, England, Columbia, and Japan
13 states replied that they have stopped using OGFCs. 
that are currently using OGFCs 
Table 2.1 provides the gr
gradation, while others use two gradations. Georgia and North Carolina 
states that use three different 
Figure 2.2 Twenty States using OGFC with gradation requirements (shaded).
10 
) is needed to give cohesion to the
1990). 
-41, a survey was sent to agencies in different parts 
 (Cooley et al. 2009)
along with
. Of the 32 US states that responded to the survey
Figure 2.2 shows the twenty states
and  
adations used in their mixes. Some states only use one 
are the only two 
OGFC gradations (Cooley et al. 2009). 
 
 mixture, 
. Sixty four 
 Canada, 
, 
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Table 2.1 OGFC Gradations used by 20 different States 
  
Percent Passing Sieve (mm) 
State 25.0 19.0 12.5 9.5 4.75 2.36 1.18 0.60 0.075 
AL  100 85-100 55-65 10-25 5-10   2-4 
CT   95-100  20-35 5-19   1-5 
DE   100 88-98 25-42 5-15   2-5 
FL  100 85-100 55-75 15-25 5-10   2-4 
IN   100 83 28 13   2-4 
KY   100 90-100 25-50 5-15   2-5 
MO  100 85-100 55-75 10-25 5-10   2-4 
MS   100 80-100 15-30 10-20   2-5 
NE  100 95-100 40-80 15-35 5-12   0-3 
NY   95-100 40-56 20-30 6-14 4-12 3-9 2-5 
TN  100 85-100 35-60 10-25 5-10   2-4 
OH   100 85-96 28-45 9-17   2-5 
SC  100 85-100 55-75 15-25 5-10   2-4 
LA 1 
LA 2 
  100 90-100 25-50 5-15   2-5 
 100 85-100 55-75 10-25 5-10   2-4 
NV 1 
NV 2 
  100 90-100 35-55  5-18  0-4 
   95-100 40-60  12-22  0-5 
CA 1 
CA 2 
   78-89 28-37 7-18    
    29-36 7-18    
OR 1 
OR 2 
99-100 85-96 55-71  10-24 6-16   1-6 
 99-100 90-98  18-32 3-15   1-5 
NC 1 
NC 2 
NC 3 
  100 75-100 25-45 5-15   1-3 
  100 75-100 25-45 5-15   1-3 
 100 85-100 55-75 15-25 5-10   2-4 
GA 1 
GA 2 
GA 3 
 100 100 85-100 20-40 5-10   2-4 
 100 85-100 55-75 15-25 5-10   2-4 
 100 80-100 35-60 10-25 5-10   1-4 
TX 1 
TX 2 
 100 80-100 35-60 1-20 1-10   1-4 
 100 95-100 50-80 0-8 0-4   0-4 
 
 
 
Mix Design of OGFCs 
 
 Based on experiences in the United States and European progress, NCAT 
published a mixture design method for the new generation of OGFCs in 2000. The design 
process involves four primary steps. The first step is material selection. The binder grade 
recommended is polymer modified and is two grades higher than normally used for the 
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local climatic conditions. Another recommendation is the addition of fiber for durability 
and strength. A strong and durable aggregate should also be used (Kandhal 2002). Table 
2.2 summarizes the recommended specifications for selecting granular materials. 
Table 2.2 Recommendations for Granular Materials 
(Kandhal 2002) 
Parameter Specified Value 
LA abrasion (%) <30 
Fractured faces (%) >90 for particles with two faces, 100 
for particles with one face 
Flat & elongated particles (%) <5 and 20 (ratios of 5:1 and 3:1, 
respectively) 
Fine aggregate angularity (FAA) >45  
 
The second design step involves selecting a gradation that ensures high voids 
content in the total mixture and the existence of stone-on-stone contact in the coarse 
aggregate. The third step is choosing the optimum binder content which is determined by 
a series of tests on specimens compacted with a gyratory compactor. The final step of the 
mixture design procedure involves evaluation of moisture susceptibility (Kandhal 2002).   
Table 2.3 summarizes these test specifications and limits. 
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Table 2.3 Recommended Mix Design Criteria 
(Kandhal 2002) 
Test Specification 
Draindown Minimum 0.3% 
Air Voids Maximum 18% 
Unaged Cantabro Abrasion Maximum 20% 
Aged Cantabro Abrasion Maximum 30% 
Tensile Strength Ratio (TSR) Minimum 80% 
 
Construction of OGFC 
 
The construction of OGFCs is similar to the construction process of typical dense 
graded HMA. During OGFC production, the mixing time is slightly increased when using 
fibers. Storage time and hauling time should be as short as possible to reduce potential 
draindown issues (Kandhal 2002). The mixture is placed at a thickness between 1 to 2 
inches using conventional asphalt pavers. It is critical to ensure the screed is hot to 
prevent pulling of the mat. Conventional steel wheel rollers are used for compaction. 
SCDOT recommends no more than three passes of the roller be applied to OGFCs. 
Pneumatic tire rollers and vibratory rollers should not be used for compaction since they 
can tear up the mat or reduce the air voids. 
Unlike dense graded HMA, the density of OGFCs is usually not checked. Instead, 
permeability tests or vacuum sealing tests could be performed to check the permeability 
and air voids of the mixture (Cooley et al. 2009). The practice in most agencies for 
mixture approval is based on the evaluation of binder content and gradation and the 
execution of visual inspection of the mixture after compaction to evaluate material 
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variability and segregation. It is standard practice that all agencies specify a minimum 
smoothness (Huber et al. 2000). 
 
Benefits of OGFCs 
 
Huber conducted a survey of all 50 US state highway departments and 10 
provinces from Canada asking about the benefits of using OGFCs. Figure 2.3 summarizes 
the results of the survey. The number one benefit of using OGFCs, according to the 
respondents, was improved frictional resistance, followed by driver visibility, marking 
visibility, and noise reduction. 
 
 
Figure 2.3 Benefits of OGFC cited by Agencies (Huber 2000) 
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Safety  
 
OGFC can improve traffic safety, especially in wet conditions. Water 
accumulation at the surface of a pavement reduces the contact between the tire and the 
pavement which can lead to hydroplaning. Allowing water to drain through the mixture 
reduces the occurrence of these events. Drainage of water from the surface also 
minimizes the spray and splash phenomenon.  
Another advantage of OGFC is its high wet frictional resistance when compared 
to conventional dense HMA and PCC layers. Kandhal presented numerous reports 
regarding improvements in frictional resistance and reductions in accidents under wet 
conditions associated with the use of OGFC (2002). 
Economic Benefits 
 
The use of OGFCs on major roads can reduce fuel consumption by approximately 
2 percent due to enhanced smoothness which in turn leads to enhanced driver comfort. 
Higher savings are reported when the porous mixture is compared with mixtures of 
greater roughness. Another economical aspect of OGFC is that it reduces the rate of tire 
wear; this assumption was based on a decrease in tire stresses generated by the improved 
macro-texture of this type of mixture (Khalid and Pérez 1996). 
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Environmental Benefits 
 
Noise Reduction 
Highway noise is a social issue with which transportation departments have to 
deal with. Many state DOTs construct noise walls under certain circumstances in 
compliance with federal regulations to help reduce highway noise from reaching nearby 
residential neighborhoods. Many studies over the years have shown that special asphalt 
surfaces, such as OGFC reduce highway noise at the source more than conventional 
asphalt or concrete pavements due to the higher percentage of air voids (McDaniel 2004).  
Noise generated by air pumping within tire threads is dissipated through the void 
structure. The voids tend to absorb the sound instead of reflecting it (Fitts 2002). 
Decreased noise levels in the range of 3 to 6 dB are expected when OGFC is compared 
with conventional asphalt. This conclusion is supported in the comprehensive set of 
studies summarized by Kandhal, including information from several European countries 
and Canada, and it corresponds with research findings in California (Kandhal 2004). The 
FHWA conducted a comparative noise level study of OGFC, dense-graded HMA, PCC 
pavement, and chip seal in Arizona, California, and Nevada. It was determined that 
OGFC had the lowest noise level compared to other pavement surfaces. The sound levels 
were measured 15 m (50 ft) from the roadway when a station wagon with radial cap tires 
was operated at 105 km/h (65 mph). Table 2.4 shows the average sound levels, dB (A), of 
the different pavement types (Kandhal 2002). 
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Table 2.4 Noise levels for different pavement types in NCAT database  
(Kandhal 2002) 
Pavement Type Average Sound Level 
dB (A) 
OGFC 67 
Dense-graded HMA 69 
PCC 70 
Chip Seal 72 
 
Water Quality 
 
 In recent years, studies have also found that OGFC overlays reduce the 
concentrations of many pollutants in stormwater runoff. It was reported that the total 
suspended solids, total metals, and chemical oxygen demand is lower in the runoff of 
OGFC than that from conventional dense-graded mixtures (Kearfott 2005). The 
interconnected void structure of OGFC can work as a filter for stormwater. In a 
University of Texas research project, runoff water from a pavement that was overlaid 
with OGFC was collected and compared to the runoff water before the overlay was 
installed. Table 2.5 shows the reduction in pollutants that was measured (Barrett et al. 
2006). 
Table 2.5 Reduction in Stormwater Pollutants  
(Barrett et al. 2006) 
Pollutant Reduction (%) 
Total Suspended Solids 91 
Total Kjeldahl Nitrogen 2 
Total Phosphorus 35 
Total Copper 47 
Total Lead 90 
Total Zinc 75 
Dissolved Zinc 30 
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Limitations of OGFC 
 
OGFCs are not typically considered a structural portion of pavement. Although 
they provide several benefits, adding them to a pavement system will be an additional 
cost. Other main disadvantages related to the use of OGFCs which should be considered 
are durability issues, winter maintenance, and clogging problems. Below are some of the 
main problems encountered with OGFCs.  
Durability 
Durability issues with OGFC are mainly associated with raveling, which often 
progresses rapidly once it begins. However, diverse experiences are reported by different 
state DOTs. Raveling problems associated with OGFC can be traced back to mix design 
(specifically material selection) and construction problems. One of the main causes for 
this problem is binder draindown. Because of the open grading of the mix, the asphalt 
binder has a tendency to drain from the aggregate skeleton (Huber et al. 2000). Some 
states limit the mixing temperature to prevent draindown problems and minimize binder 
component degradation.  
As far as construction problems, the main concern is that the mix should be at an 
appropriate temperature to allow optimal compaction. This can be achieved by limiting 
haul time, limiting haul distance, or specifying a minimum arrival temperature. Insulated 
trucks, heating the trucks, and using tarps to cover the mix help minimize temperature 
variation of the mix in the trucks. The use of material transfer device to remix the asphalt 
before placing it in the paver can also reduce this problem (Cooley et al. 2009). 
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Air flow through the mix can also cause premature raveling due to oxidation and 
hardening of the binder. This leads ultimately to failure of the mix through loss of material 
from the surface under traffic shearing stresses, making it rough and uneven. 
Construction cost 
OGFCs are not typically considered a structural portion of pavement. Although 
they provide several benefits, adding them to a pavement system will be an additional 
cost. Lefebvre stated that OGFCs generally cost more than dense-graded layers because 
they require high-quality, polish resistant aggregates and polymer modified asphalt 
binders (Lefebvre 1993).  
The cost of OGFCs containing modified asphalt is 50 to 80 percent higher than 
the cost of conventional dense asphalt containing unmodified binder. However, the use of 
modified binder provides similar life expectancies for OGFC as compared to 
conventional dense asphalt (Huber et al. 2000). Other disadvantages of OGFCs include 
higher maintenance cost, and requirement of minimizing the drainage path length to 
allow water passing through the layer to enter the drainage system (Bolzan et al. 2001). 
Winter maintenance 
Winter maintenance has been cited and assumed to be a serious problem with 
OGFC.  OGFCs have lower thermal conductivity than dense-graded mixes which causes 
them to freeze faster than traditional pavement surfaces for longer periods (Elvik and 
Greibe 2005). Traditional winter maintenance methods for pavements include salting, 
sanding, snow plowing, and deicing chemicals. Deicing agents are currently considered 
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the most effective winter treatment, followed by liquid deicer agents and sand. Calcium 
chloride and sodium chloride were identified as the two most common ice control 
chemicals used for OGFCs (Cooley et al. 2009). Snow plowing is not recommended for 
pavements with OGFC since the snow plow blades can damage the surface. Spreading of 
sand and small aggregates to improve frictional properties during freezing temperatures 
can also be problematic because these materials clog the voids causing a decrease in 
drainage and noise reduction capabilities, which are considered the main advantages of 
OGFC (Tappeiner 1993). 
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CHAPTER THREE  
MATERIALS AND EXPERIMENTAL PROCEDURES 
Materials 
 
This chapter summarizes the methods and materials used to fulfill the objectives 
of this research. The materials used in the preparation of the mixes consisted of 
aggregates, fibers, one grade of asphalt binder (PG 76-22), and hydrated lime. The 
following sections describe the physical properties of each material and how they were 
introduced in the mix.  
Aggregate 
 
One granite aggregate source was used in this study. All aggregate was obtained 
from a supplier located in the state of South Carolina. The aggregate was brought back to 
the laboratory where it was dried in the oven at a temperature of 110 ˚C, then separated 
with a mechanical sieve machine into individual size fractions needed for the study 
gradations.   
Table 3.1 summarizes the properties of the aggregate provided by the 
manufacturer. The properties of the aggregate used in the research may not meet some of 
the requirements of different DOTs; however, due to the scope of the research, only 
aggregate gradations were evaluated and not aggregate properties.          
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Table 3.1 Summary of aggregate properties 
Property Aggregate 
Aggregate Type Granite 
Specific Gravity (Bulk) 2.62 
Specific Gravity (SSD) 2.63 
Specific Gravity (App.) 2.65 
Absorption (%) 0.50 
LA Abrasion (%) 28 
 
 
Asphalt Binder 
 
To reduce the effects of asphalt binder, only one performance grade of asphalt 
binder (PG 76-22) from one source was used in this study. Additionally, most states 
require the use of a PG 76-22 binder for OGFC mixtures. The properties of the binder 
used in this research are listed in Table 3.2. The table also includes both mixing and 
compaction temperature ranges as provided by the supplier. 
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Table 3.2 Summary of asphalt binder properties provided by supplier 
Property/ Characteristic PG 76-22 
Rolling Thin Film Oven Mass Change (%)  -0.317 
Viscosity (135 ˚C) (Pa.s) 1.642 
Viscosity (165 ˚C) (Pa.s) 0.415 
Creep Stiffness (60 sec at -12 ˚C) (MPa) 132 
m-value (60 sec at -12 ˚C) 0.366 
G* / sinδ – Unaged (kPa) 1.44 (76˚C) 
Phase Angle – Unaged (˚) 69.8 (76˚C) 
G* / sinδ – RTFO (kPa) 2.94 (76˚C) 
Phase Angle – RTFO (˚) 64.9 (76˚C) 
G* / sinδ – PAV (kPa) 1070 (31˚C) 
Phase Angle – PAV (˚) 53.3 (31˚C) 
Smoke Point (˚C) 110 
Flash Point (Corrected) (˚C) 257 
Specific Gravity (77 ˚F) 1.034 
Mixing Temperature (±3 ˚C) 167 
Compaction Temperature (±3 ˚C) 154 
 
 
Fiber 
 
High-tech cellulose fiber was used in this research. Cellulose fibers are non-
hazardous, non-toxic, biodegradable material made from paper stock. The main purpose 
of the use of fibers is to stabilize the mortar and provide mastic to help prevent 
draindown which might cause pavement deterioration and pore clogging problems. Many 
OGFC mix design procedures recommend that fibers be added to the mixture. Cellulose 
fiber was added and mixed with the aggregate at a rate of 0.3 percent by weight of total 
mix before the asphalt binder was introduced.  
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Hydrated Lime 
 
Hydrated lime is an effective anti-stripping agent, and is widely recommended by 
states with serious stripping problems. In addition, the dispersion of the hydrated lime 
particles throughout the mix makes it stiffer and tougher, reducing the likelihood that the 
bond between the asphalt binder and the aggregate will be broken mechanically. 
Hydrated lime was added to the dry aggregate at a rate of 1% of the total 
aggregate weight. Water was then added at a rate of 5% by total weight of the aggregate. 
The aggregate, lime and water were then thoroughly mixed to provide a good coating of 
the lime on the aggregate surface. The aggregate was then placed in the oven for drying 
and heating. 
 
Methods 
 
Aggregate Gradations 
 
To compare the OGFCs used in the US, only the gradations provided by the states 
using OGFCs were used to determine the ten different gradation groups for this study. 
The first step was to combine similar gradations into groups. To do this, the SAS Cluster 
Analysis Program was used (Average Linkage Process), which groups samples based on 
the average distance between objects. Figure 3.1 shows the three different methods used 
to define inter-cluster distance. 
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Figure 3.1 Three methods of inter-cluster distances 
The mid-point of percent passing for each sieve was calculated from the upper 
limits and lower limits; the SAS program was run using the 29 different mid-point 
gradations from Table 2.1. The output of the SAS program is shown in Figure 3.2. 
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Figure 3.2 Average linkage cluster analysis of states OGFC gradations 
  
Figure 3.2 shows the output of the SAS Cluster Analysis program. An average 
distance of 0.41 between clusters was chosen to group the states gradations in order to 
form ten gradation groups.  All states under the largest bracket that falls under 0.41 were 
grouped together. For example, AL, FL, GA2, NC3, SC, LA2, MO, GA3, TX1, and TN 
fall under one group. Figure 3.3 illustrates the states that were grouped together for 
having similar OGFC gradations. States with the same color were assigned the same 
gradation. 
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Figure 3.3 Representation of the gradations and the States that use them 
 
Once the ten gradation groups were formed, each group gradation (upper limits 
and lower limits) was then run through SAS to calculate the average percent passing 
(upper limits and lower limits) for each sieve size for all states within each group. Table 
3.3 and Figure 3.4 show the finalized ten gradations used for the study. The upper and 
lower limits for each gradation can be seen in Appendix A. 
 28 
 
 
Figure 3.4 Gradations used in the research 
  
Table 3.3 Compiled research gradations 
Sieve 
 
Percent Passing (%)  
 
Size 
(mm) 
Group 
A 
Group 
B 
Group 
C 
Group 
D 
Group 
E 
Group 
F 
Group 
G 
Group 
H 
Group 
I 
Group 
J 
19.0 100 100 100 100 100 100 100 100 100 90.5 
12.5 93.0 91.0 97.5 99.0 100 100 97.5 100 97.5 63.0 
9.5 66.0 47.5 65.0 95.0 90.0 87.5 60 96.0 48.0 45.0 
4.75 21.0 15.0 8.0 33.0 22.5 35.0 25 48.5 25.0 17.0 
2.36 8.0 7.0 4.0 10.0 15.0 10.0 8.5 25.0 10.0 11.0 
1.18               14.0 8.0   
0.60                 6.0   
0.075 3.0 3.0 4.0 3.5 3.5 2.0 1.5 2.3 3.5 3.5 
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Optimum Binder Content (OBC) & Draindown Determination  
 
 Aggregate-asphalt binder blends were prepared with binder contents ranging from 
5% to 7% at 0.5% increments. The SC-T-91 procedure was used for the optimum binder 
content determination in which the uncompacted mixtures were placed in clear pyrex 
dishes. The mixtures were then placed inside an oven at the mixing temperature for 2 hrs. 
The optimum asphalt content was determined by judging the appearance of the asphalt 
through the pyrex dishes.  
AASHTO T305 was used to measure the asphalt draindown at each binder 
content with the exception that the draindown was only measured at the mixing 
temperature. The draindown test procedure is used to evaluate the potential draindown of 
various OGFC mixtures. The test is intended to simulate conditions that the mixture is 
likely to encounter as it is produced, stored, transported, and placed. A maximum 
draindown of 0.3% by weight of total mix is typically the limiting value for determining 
acceptable performance (NAPA 2003). 
 
Compacted Samples Tests 
 A total of sixteen specimens were made for each specific aggregate gradation at 
the respective optimum binder content. Cylindrical specimens having a diameter of 150 
mm and height of 115 ± 5mm were compacted using a gyratory compactor. The samples 
were compacted with 50 gyrations and a consolidation pressure of 600 kPa (87 psi) as 
recommended by ASTM D7064.  
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 Each of the samples was tested for porosity and bulk specific gravity using the 
procedures outlined in ASTM D7063. These results, coupled with the theoretical 
maximum specific gravity (ASTM D2041) were used to calculate the volumetric 
properties (porosity, air voids, voids in mineral aggregate, and voids filled with asphalt) 
of each specimen. Further testing on the compacted samples included: permeability, 
abrasion resistance, rutting resistance, and moisture susceptibility.  
 
Porosity 
 
The CoreLok vacuum-sealing method ASTM D7063 was used to determine the 
porosity of the OGFC specimens. The CoreLok method is generally used for determining 
the density of specimens at relatively high air voids levels. The system works by sealing 
the samples in plastic bags and the densities are then measured by the water displacement 
method. In order to group the samples together for testing, the porosity of each 
compacted specimen had to be calculated first. The samples were then grouped so that 
each group’s average porosity was as close as possible to the mean porosity of its 
corresponding gradation. Grouping the samples together in this manner reduces the 
chance of bias between samples used for each test. An Anova Single Variance test was 
then run to ensure that there was no significant variance between porosity of the different 
groups. The group with the highest porosity variance was used for permeability testing to 
be able to see how porosity can affect permeability. Another reason was to reflect field 
situations because OGFC construction practices produce variable porosities for the same 
mixture. 
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Permeability  
 
The permeability of the samples was evaluated using a permeameter constructed 
at the Asphalt Rubber Technology Services (ARTS) laboratory. Figure 3.5 illustrates the 
configuration of the test apparatus. 
 
 
Figure 3.5 Permeameter Apparatus 
 
The permeability test was conducted using the above mentioned permeameter. 
The test procedure was performed based on the falling head principle of permeability. 
The permeability test was conducted on thirty samples in total (3 samples for each 
gradation).  
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The procedure summary was as follows:  
• Each specimen was wrapped securely with a thin plastic wrap.  
• Petroleum jelly was applied onto the plastic wrapped specimen, which was 
then inserted into the standpipe all the way to the bottom.  
• A moldable sealant (plumbers putty) was then applied around the top of 
each specimen to ensure that no water would drain around the outer edges 
of the sample.  
• Once the apparatus was secured and the permeameter was filled with 
water to the 375 mm mark, it was leveled.  
• The valve was opened and the water was allowed to flow through the 
specimen. The time for the water level to drop from the initial head (h1) 
300 mm head to the final head (h2) 75 mm head was recorded.   
The sequence was completed three times per sample and the permeability was 
calculated using Equation 3.1: 
 



	

	
                                                                                                     (3.1) 
Where: 
             k = permeability 
           a  = cross-sectional area of the standpipe 
 L = thickness of the specimen 
  A = cross-sectional area of the specimen 
  t = duration of flow 
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  h1= initial head 
h2= final head 
 
Abrasion Resistance 
The Cantabro method outlined in ASTM D7064 was used to evaluate mix loss of 
the OGFC mixtures due to abrasion. Specimens were placed in a Los Angeles abrasion 
machine without the steel charges and the test was run for 300 revolutions. The Cantabro 
loss, expressed in percentage, corresponds to the ratio of lost weight to initial weight of 
the compacted specimen. It has been considered as an index of the mixture resistance to 
raveling (Jimenez and Perez 1990). 
A total of 60 specimens were used for this test (30 unaged and 30 aged 
specimens). To age the samples, they were placed in a fan forced temperature controlled 
chamber at 60 ˚C for 7 days. The conditioned samples were allowed to cool at room 
temperature (25 ˚C) before testing. Percent loss with the Cantabro procedure was 
calculated using Equation 3.2: 
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 100                                                                                         (3.2) 
 
Where:  
PL = percent loss 
W1 = initial sample weight, grams 
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W2 = final sample weight, grams 
 
Rutting Resistance 
 
The AASHTO TP 63-07 procedure was used to evaluate the potential for rutting 
of OGFC mixes with the Asphalt Pavement Analyzer (APA). A total of 30 OGFC 
specimens (3 specimens for each gradation) were used to conduct this test. The 
specimens were compacted at 50 gyrations as described earlier in this chapter using a 
gyratory compactor. Compaction to height was neglected to maintain a close range of air 
voids to the other OGFC samples within each gradation. Also, there are no air void 
requirements for the OGFC mixtures and the void content will change depending on the 
gradation of the mix. The specimens were then sawn off to the recommended height of 75 
± 2 mm. Figure 3.6 shows specimen cut to the desired height. 
 
Figure 3.6 Sawn off APA specimens 
APA testing was conducted at a test temperature of 64 ˚C and the specimens were 
condititioned in the APA chamber for 4 hours prior to testing.  The test was run for 8000 
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cycles and rut depth measured manually after 500, 1000, 1500, 2000, 3000, 5000, and 
8000 cycles to assess the rate of rut development.  
The rut development curves were then used to calculate the initial and secondary 
dynamic stability of each mix. Figure 3.7 shows how the primary and secondary 
stabilities were calculated as defined by (Putman and Amirkhanian 2004). Figure 3.7 
Steps of sample preparation for conditioning 
 
Figure 3.7 Steps of sample preparation for conditioning 
 
Moisture Susceptibility 
In order to conduct the moisture susceptibility testing on the OGFC mixtures, the 
indirect tensile strength (ITS) and tensile strength ratios (TSR) were calculated. To 
condition the samples, some agencies recommend the use of five freeze-thaw cycles, 
while others only require one. The conditioning of samples prior to determining TSRs 
varies within each practice. Watson et al compared TSR results after 1, 3, and 5 freeze-
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thaw cycles and showed no significant difference in TSR values (Watson et al. 2004). 
Mallick et al. recommended a modified version of the AASHTO T-283 procedure for 
determining moisture susceptibility of OGFC mixtures (2000). The primary changes 
recommended in the procedure were to use a specific time period of 30 minutes for 
vacuum saturation under water and five freeze–thaw cycles for the conditioning process. 
Twenty specimens were used to test for dry ITS and twenty more specimens were 
conditioned for one freeze-thaw cycle and tested to determine the conditioned ITS. The 
procedure of moisture conditioning the specimens was as following: the specimens were 
subjected to vaccum saturation under water for 30 minutes. The specimens were then 
wrapped in plastic and sealed in plastic bags after adding 10 ml of water. The specimens 
were kept in a freezer at -15 ˚C for 15 hrs. The frozen specimens were immediately 
transferred into the hot water bath for thawing at a temperature 60 ˚C for 24 hrs. The 
specimens were then kept in 25 ˚C water for 2 hrs before testing. Figure 3.8 shows the 
steps of sample preparation for conditioning after saturation to initiate the freezing cycle. 
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Figure 3.8 (a) specimen wrapped in plastic after saturation; (b) wrapped specimens sealed 
in plastic bags. 
 
It was decided not to saw the samples to the recommended height of 95 ± 5 mm to 
avoid any disruption to the specimens that might be caused by the saw. Another reason 
was that the height of the specimens is taken into account when calculating the ITS 
(Equation 3.3). To determine the moisture susceptibility of the OGFC specimens, the 
TSR values were calculated using Equation 3.4. 
Indirect Tensile Strength (ITS) =    
  
  
                                        (3.3) 
Where: 
P = maximum load, N 
t = specimen thickness, mm 
D = specimen diameter, mm 
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Tensile Strength Ratio (TSR) = 


                                                  (3.4) 
Where: 
S1 = average tensile strength of the dry subset, psi (kPa) 
S2 = average tensile strength of the conditioned subset, psi (kPa) 
 
 
 
Statistical Analysis 
 
A Fisher’s test for least significant difference (LSD) was completed on the 
experimental data to determine the statistical differences between the studied gradations. 
The letters recovered from the output of the analysis indicate similarities between the 
mixtures. Mixtures which have the same letter are not significantly different than each 
other. Some mixtures can have more than one letter indicating similarities with more than 
one group.  
An analysis of variance (ANOVA) was conducted on the cantabro abrasion and 
moisture susceptibility samples to check if the results before conditioning were 
significantly different from the results after conditioning. All of the analyses in this 
research were conducted with a 95% level of significance (α= 0.05). 
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CHAPTER FOUR  
RESULTS AND DISCUSSION 
In this chapter, the experimental results are presented with discussions that 
provide an interpretation of the results. First, uncompacted samples were created for 
optimum binder content, maximum specific gravity, and draindown testing. Then 
compacted samples were compacted at the optimum binder content of each gradation for 
porosity, permeability, Cantabro abrasion, rut resistance, and indirect tensile strength 
testing. 
 
Optimum Binder Content 
To determine the OBC, uncompacted samples were placed in a clear glass 
container and conditioned for a period of time at a specified temperature. Even though 
the highest tested binder content was 7.0%, 9 out of the 10 mixtures had an OBC greater 
than 7.0% because a high performance grade binder was used in this research and 
cellulose fibers were added to all of the mixtures. The OBC for each gradation is 
summarized in Table 4.1. Appendix C includes the visual draindown OBC photos.  
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Table 4.1 Optimum binder content 
  
 
 
 
 
 
 
 
Binder Draindown 
The purpose of this test was to simulate conditions that the mixture is likely to 
encounter as it is produced, stored, transported and placed.  
The maximum allowable amount of draindown is 0.3% set by most agencies that 
require this test. Table 4.2 shows the draindown results of the ten research gradations. All 
ten gradations used in this research had negligible draindown having a maximum 
draindown of only 0.02%. This negligible draindown is common when using fiber 
stabilizing additives. That is another reason why the expected trend of increasing 
draindown with increasing binder contents was not noticed during this test. A detailed 
data set is included in Appendix D. 
 
 
 
 
Mix OBC (%) 
A 7.2 
B 7.3 
C 6.7 
D 7.2 
E 7.3 
F 7.3 
G 7.2 
H 7.5 
I 7.0 
J 7.0 
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Table 4.2 Summary of asphalt binder draindown 
  Binder Content (%)  
Mix 5.0 5.5 6.0 6.5 7.0 
  Draindown (%)  
A 0.00 0.00 0.00 0.01 0.01 
B 0.00 0.00 0.00 0.00 0.02 
C 0.00 0.00 0.00 0.00 0.00 
D 0.02 0.01 0.00 0.00 0.00 
E 0.00 0.00 0.02 0.01 0.01 
F 0.01 0.00 0.00 0.00 0.01 
G 0.00 0.01 0.00 0.01 0.01 
H 0.00 0.01 0.00 0.00 0.01 
I 0.00 0.00 0.00 0.01 0.01 
J 0.00 0.01 0.01 0.01 0.00 
 
 
Air Voids & Effective Porosity 
The determination of the air voids in the OGFC specimens was determined based on the 
ratio of bulk to maximum specific gravity, while the CoreLok vacuum-sealing method 
was used to determine the porosity of the specimens. The difference between the two lies 
in fact that the effective porosity is the percentage of air voids that can be accessed by 
water through interconnected pores to saturate a compacted specimen (ASTM D 7063).  
Figure 4.1 gives the relationship that existed between the effective porosity and air voids. 
The expected trend of effective porosity increasing as air voids increased can be noticed 
in the trend.  Figure 4.2 shows the average porosities and air voids of the ten gradations. 
The trend appears to be similar for the two properties. The porosity data and volumetric 
properties data can be found in Appendices F and G respectively. 
Figure 4.3 shows the correlation between aggregate dry rodded unit weight 
(DRUW) and porosity/air voids for the different gradations. Both correlations were fairly 
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good with R2 values of 0.70 and 0.71. This indicates that the correlations give a good 
prediction of porosity and air void content based on the DRUW of the aggregate 
gradation used to produce the OGFC mix. Since the same aggregate source was used in 
this research it can be concluded that the gradation was the only factor affecting the 
DRUW. The denser gradation indicates that the aggregate particles were packed tighter 
than other gradations which leaves fewer spaces for air voids to form in the mix.  
 Table 4.3 summarizes the statistical analysis of the volumetric properties. The 
analysis shows that mixes H and J had the highest bulk specific gravities with no 
significant difference between the two, followed by mix I. Their bulk specific gravities 
were reflected in their porosities and air void content; mix H having the lowest porosity 
and air voids followed by both mixes I and J. Mixes I and H had higher densities than the 
rest of the mixes because they had the finest gradations. Mix J, however, had high density 
because it was the only gradation that used a 19 mm aggregate size. As expected, the 
statistical analysis also shows that gradation C was significantly different from the rest of 
the mixes, having the lowest density and highest porosity and air void content, followed 
by mix D.  
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Figure 4.1 Relationship of porosity to air voids 
 
 
Figure 4.2 Comparison of average porosity and air voids 
y = 0.7917x + 0.7311
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Figure 4.3 Correlation between DRUW vs. porosity and air voids 
 
Table 4.3 Statistical analysis of volumetric properties 
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Permeability 
The rate at which water flows through OGFC is referred to as the permeability or 
hydraulic conductivity. The falling head permeameter was used to assess the 
effectiveness of the mixes to transport water through the structure. Since the main 
purpose of OGFC mixtures is to allow water to drain through and away from the 
pavement, a proper rate at which water flows through the pores of the structure is 
essential. According to Mallick et al., a minimum permeability rate of 100 m/day is 
recommended to provide acceptable performance (2000). The North Carolina DOT, 
however, requires a minimum permeability rate of 30 m/day. The permeability rates of 
the ten gradations are illustrated in Figure 4.4. Mixes E and H failed to meet the 
permeability rate of 100 m/day. Mix H was the only mix that did not meet the NCDOT 
requirements. The low permeability result of mix H was expected since it was the finest 
graded gradation and had the lowest porosity. Because mix H had the finest gradation, the 
aggregate particles were packed closer to each other than coarser gradations; this 
diminishes the air void content in the mix which in turn reduces the permeability rate. 
Another reason is that finer gradations produce closer aggregate packing than coarser 
gradations. As expected, the gradation with the highest porosity, mix C, resulted in the 
highest permeability rate. The permeability data may be seen in Appendix H. 
Figure 4.5 shows that a correlation exists between permeability and porosity/air 
voids.  As expected, permeability had a stronger correlation with porosity than it did with 
air voids since porosity is defined as the voids that are accessible by water. 
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Table 4.4 shows the statistical analysis of the permeability of the gradations. The 
permeability of some of the gradations was closely related such as mixes B, D, F, and G. 
Some of the gradations that were significantly different including mix C with the highest 
permeability rate of 415 m/day and mix H with the lowest permeability rate of 25 m/day.  
 
Figure 4.4 Comparison of the permeability rates of the gradations 
 
176 183
415
140
85
134 157 25 112 122
0
100
200
300
400
500
A B C D E F G H I J
Pe
rm
ea
bi
lit
y 
(m
/d
a
y)
Mix
 47 
 
 
Figure 4.5 Correlation of permeability to porosity and air voids 
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Abrasion Resistance 
The Cantabro abrasion test method is used to characterize the durability of the 
compacted OGFC samples. Typically, a maximum loss of 20% is specified for unaged 
samples. After the aging process, the abrasion loss from the Cantabro test should not 
exceed 30% (Kandhal 2002).  Figure 4.6 shows the unaged and aged abrasion losses of 
the mixes corresponding to all ten gradations. The mean values in the plot indicate wide 
variations in the Cantabro abrasion test results. However, as expected, abrasion resistance 
had a direct correlation with porosity and air voids, the gradation with the highest 
porosity exhibited the lowest resistance to abrasion and vice versa. Results also indicate 
that all of the OGFC mixes met the recommended criteria. The cantabro abrasion data is 
included in Appendix I and the visual photos can be seen in Appendix J. 
Having such high resistance to abrasion was not surprising. The combined use of 
polymer modified binder and fiber in this research minimized the abrasion loss; thus, 
increasing the durability of the mixes. An increase in abrasion loss was expected in the 
aged samples when compared to the unaged samples since aging of bitumen is considered 
as one of the contributing factors for reduction in the cohesion and adhesion property, 
and raveling of asphalt mixes (Mo et al. 2009). Aging, due to oxidation, of asphalt 
binders increases the stiffness which causes the bond between aggregate particles and the 
asphalt binder to be more susceptible to breaking. This reduction in abrasion resistance 
was noticed in six out of the ten gradations. However, in the remaining four mixtures, the 
aged specimens had lower abrasion values than the unaged specimens. This has also been 
noticed in previous research (Kline and Putman 2010). 
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Table 4.5 summarizes the statistical analysis of the abrasion resistance of the 
mixes. All of the mixes except mixes C and G showed no significant difference in unaged 
abrasion loss. However, after aging, the two mixes that were significantly different were 
mixes G and H. Mix H had an aged abrasion loss of only 1.8%, while mix G had the 
highest aged abrasion loss of 9.4%. The ANOVA single variance analysis showed that 
only mixes C and J had abrasion loss values that were significantly different before aging 
compared to the values after aging.  
 
 
 
Figure 4.6 Average abrasion results of unaged and aged mixes 
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Table 4.5 Statistical analysis of abrasion resistance 
Mix Cantabro Unaged 
Cantabro 
Aged 
Significant 
Differences* 
A C ABC N 
B C AB N 
C A ABCD Y 
D C BCD N 
E C CD N 
F C ABCD N 
G B A N 
H C D N 
I C ABCD N 
J C BCD Y 
*Y = Significant differences and N = Non-significant differences 
between unaged and aged abrasion loss. 
 
Moisture Susceptibility 
The moisture susceptibility test was used to examine the resistance of the asphalt 
mixtures to moisture-induced damage. Kandhal recommends that the tensile strength 
ratio (TSR) values for porous asphalt should be greater than 80% (2002). Comparing the 
results, the TSR of conditioned to unconditioned samples was higher than the minimum 
recommended. Mixes A, C, and E had TSR values above 100% whereas mix D had the 
lowest TSR value of 81.3%. These results indicate that the 10 mixtures were resistant to 
moisture damage. Figure 4.7 compares the tensile strength of the dry and conditioned 
samples and Figure 4.8 shows the TSR values of the mixes.  
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Figure 4.7 Average indirect tensile strength of dry and conditioned samples 
 
 
 
Figure 4.8 Average tensile strength ratio results 
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The percentage of air in OGFCs is much greater than in conventional dense 
asphalt. The more air voids present in OGFC, the weaker it is because of the reduction in 
support from surrounding particles. This reduces the tensile strength of OGFC compared 
to conventional asphalt. Mix H had the highest tensile strength because it is a finer 
gradation with its particles closely packed together when compared to other gradations. 
This reduced the percentage of air voids in the mix and increased its tensile strength. 
Figure 4.9 illustrates this by showing that an increase in air voids results in a decrease in 
the tensile strength of OGFC, again porosity produced a stronger correlation than air 
voids. 
Table 4.6 summarizes the statistical analysis of the indirect tensile strengths of the 
mixes before and after conditioning. Before conditioning, most mixes showed no 
significant difference except groups H and C. However, after conditioning, mixes E and 
H were not significantly different with the two highest indirect tensile strengths, while 
mix C had the lowest indirect tensile strength of 350 kPa. There was no significant 
difference between the remaining conditioned mixes. The ANOVA test indicated that 
there were insignificant differences between the indirect tensile strength values before 
and after conditioning.   
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Figure 4.9 Correlation of ITS to porosity and air voids 
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Rutting Resistance 
One of the disadvantages of porous asphalt is low rutting resistance compared to 
gap and dense graded mixtures (Teong 2007). The high air void content in porous asphalt 
allows aggregate particles to shift their positions when subjected to traffic loading.  
Rutting is one of the main distresses in asphalt pavements especially in hotter summer 
temperatures and/or under heavy loads. However, rutting is not a major concern when 
using OGFCs since they are placed in relatively thin layers (25-50 mm). In addition, the 
air voids give OGFCs an insulating effect, producing lower temperatures in the binder 
compared with those in dense asphalt (Van Der Zwan 2011). 
Figure 4.10 illustrates the final average rut depths of all gradations and Figure 
4.11 shows the rut depth development based on the models created from average rut 
depth values at different numbers of cycles. Results indicate that gradation F had the least 
rut resistance compared to the other mixtures. Both mixes I and G showed the highest rut 
resistance and did show significant differences because their average final rut depths 
were 4.4 and 4.5 mm, respectively. The performance of these two gradations could likely 
be due to stone-on-stone contact as it is believed that stone-on-stone contact is one of the 
main characteristics for OGFC mixes to provide adequate resistance to permanent 
deformation (Kandhal 2002; Watson et al. 2004; Alvarez et al. 2009). Rut resistance 
relies more on aggregate properties than asphalt binder properties.  Since aggregates do 
not deform as much as asphalt binder under load, this stone-on-stone contact greatly 
reduces rutting. 
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Figure 4.10 Comparison of final rut depth values (averages) 
 
Figure 4.11 Comparison of rut depth models developed from averages rut depth values at 
different numbers of cycles. 
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Table 4.7 is a summary of the rut depth statistical analysis. It shows that mix F 
was significantly different from the rest of the mixes with the highest mean rut depth 
value of 8.8 mm. Detailed rut depth data for the ten different mixtures and plots of rut 
depth versus number of APA cycles are presented in Appendix L. 
 
Table 4.7 Statistical analysis of rut resistance 
Mix APA 
A BC 
B BC 
C BC 
D AB 
E BC 
F A 
G BC 
H BC 
I C 
J BC 
 
 
The dynamic stability is the number of load cycles to generate 1 mm rutting. The 
primary dynamic stability (0 – 500 cycles) and secondary dynamic stability (2000 – 8000 
cycles) were calculated as defined by (Putman and Amirkhanian 2004). The procedure of 
calculating the dynamic stabilities was described in Chapter Three. 
Figures 4.12 and 4.13 compare the primary and secondary dynamic stabilities 
between the mixes, respectively. Mixes E and H showed the highest resistance to rutting 
during the initial stage, while mix F had the lowest. However, during the secondary stage 
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(2000 – 8000 cycles) mix I showed the lowest rate of rutting indicating that it had 
reached a stabilized period, while mix F maintained the highest rate.   
 
 
Figure 4.12 Comparison of primary dynamic stability (0 – 500 cycles) 
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Figure 4.13 Comparison of secondary dynamic stability (2000 – 8000 cycles) 
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CHAPTER FIVE 
SUMMARY, CONCLUSIONS, AND RECOMMENTDATIONS 
 
Summary 
An open graded friction course is a special type of HMA mixture that is used on 
highways to facilitate rapid drainage of water. The main advantages related to the use of 
OGFCs as surface courses are improvements in safety, economy, and the environment. 
The goal of this research was to compare the effects of aggregate gradation on the 
properties of OGFC mixtures. Twenty nine gradations used by twenty states were 
compiled and reduced to the ten different gradations that were used in this study. The 
next step was to determine the optimum binder content for the gradations using one 
aggregate source. A Superpave gyratory compactor was used for the preparation of 
samples on which further testing was performed to determine the following properties: 
volumetric properties, permeability, abrasion resistance, rutting resistance, and indirect 
tensile strength. 
Conclusions 
Based on the results of this study on OGFC mix gradations, the following 
conclusions were made: 
• Draindown was negligible for the different gradation mixtures evaluated in this 
research. This is due to the use of polymer-modified binder and the inclusion of 
0.3% cellulose fibers in the mix. 
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• The effective porosity of an OGFC mixture increases with air voids and the 
porosity and air void content are inversely related to the aggregate gradation dry 
rodded unit weight. As the dry rodded unit weight of the aggregate gradation 
increases the porosity and air void content of the OGFC mixture decrease. 
• The permeability rate is directly related to air voids and showed a better 
correlation with porosity. As the porosity and air voids increase, the permeability 
increases.  
• The mixes exhibited good durability and the effect of aging on the abrasion 
percent loss was not significant in most cases. In fact, in some cases, the aged 
specimens had lower values than the unaged specimens. 
• The indirect tensile strength is inversely related to porosity and air voids. As the 
porosity and air voids increase, the indirect tensile strength decreases. Also, 
porosity showed a better correlation with the indirect tensile strength. 
• The mixes showed good resistance to moisture susceptibility. The effect of 
freeze/thaw conditioning on the indirect tensile strength of the mixtures was not 
significant.  
• The primary and secondary dynamic stabilities of the mixes are not necessarily 
related.  
Recommendations 
Based on the findings and conclusions of this study, the recommendations for 
further study are summarized below: 
Recommendations for implementation: 
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• Gradation C can be used for applications that require high porosity because of 
high rainfall intensities and relatively low abrasion resistance.  
• Gradations A and B can be used for applications that require fairly high abrasion 
resistance and hydraulic properties. 
• Even though rutting is not a major concern in OGFCs, gradations G and I, can be 
used in the design of porous asphalt where rutting could be a potential problem 
due to the thicker asphalt layer. 
• In addition, correlation figures can be used as a guide in selecting OGFC 
gradations that are suitable for specific application requirements.  
 
Recommendations for future research: 
• Investigate the effect of OGFC aggregate gradations on noise reduction, and 
clogging potential to expand this study. 
• Develop relationships to aid in predicting porosity, permeability, abrasion 
resistance, and indirect tensile strength based on gradation coefficients (e.g., 
uniformity coefficient). 
• Investigate the effects of stone-on-stone contact of OGFC mixtures on their 
resistance to rutting. 
• Investigate the effect of aggregate gradation on OGFC performance without 
including fibers to the mixtures. 
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Appendix A 
Upper and lower gradation limits 
 
Table A. 1 Gradation limits for Groups A-E 
        Percent  Passing         
Sieve 
Group A 
 
Group B 
 
Group C 
 
Group D 
 
Group E 
 
Size Upper  Lower  Lower  Lower  Lower  Lower  Upper  Lower  Upper  Lower  
(mm) Limit Limit Limit Limit Limit Limit Limit Limit Limit Limit 
19.0 100 100 100 100 100 100 100 100 100 100 
12.5 100 85 93 88 95 100 100 98 100 100 
9.5 75 55 60 35 80 50 99 93 100 80 
4.75 25 13 23 7 8   42 25 30 15 
2.36 10 5 10 4 4   15 7 20 10 
0.075 4 2 4 1 4   5 2 5 2 
 
Table A. 2 Gradation limits for Groups F-J 
  Percent Passing 
Sieve 
Group F 
 
Group G 
 
Group H 
 
Group I 
 
Group J 
 
Size Upper  Lower  Lower  Lower  Lower  Lower  Upper  Lower  Upper  Lower  
(mm) Limit Limit Limit Limit Limit Limit Limit Limit Limit Limit 
19 100 100 100 100 100 100 100 100 96 85 
12.5 100 100 100 95 100 100 100 95 71 55 
9.5 100 75 80 40 100 92 56 40     
4.75 45 25 35 15 60 37 30 20 24 10 
2.36 15 5 12 5     14 6 16 6 
1.18         20 8 12 4     
0.60             9 3     
0.075 3 1 3 0 3.5   5 2 6 1 
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Appendix B 
Dry Rodded Unit Weight Data 
 
Table B. 1 Dry rodded unit weight data 
Mix 
Volume 
of 
Bucket 
(cc) 
Mass 
of 
Bucket 
(g) 
Mass of 
Sample 
& 
Bucket 
(g) 
Mass 
of 
Sample 
(g) 
Dry 
Rodded 
Unit 
Weight 
(g/cc) 
A 2816.4 2474.2 7026.9 4552.7 1.62 
B 2816.4 2474.2 7128.4 4654.2 1.65 
C 2816.4 2474.2 6920.9 4446.7 1.58 
D 2816.4 2474.2 7084.5 4610.3 1.64 
E 2816.4 2474.2 7179.8 4705.6 1.67 
F 2816.4 2474.2 7041.1 4566.9 1.62 
G 2816.4 2474.2 7146.0 4671.8 1.66 
H 2816.4 2474.2 7253.4 4779.2 1.70 
I 2816.4 2474.2 7165.1 4690.9 1.67 
J 2816.4 2474.2 7424.4 4950.2 1.76 
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Appendix C 
Visual Draindown Figures 
 
A – 5% A – 5.5% 
 
A – 6% A – 6.5% 
 
A – 7% 
Figure C. 1 Optimum binder content visual test results for mix A 
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B – 5% B – 5.5% 
B – 6% B – 6.5% 
 
B – 7% 
Figure C. 2 Optimum binder content visual test results for mix B   
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C – 5% C – 5.5% 
  
C – 6% C – 6.5% 
 
C – 7% 
Figure C. 3 Optimum binder content visual test results for mix C   
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D – 5% D – 5.5% 
D – 6% D – 6.5% 
 
D – 7% 
Figure C. 4 Optimum binder content visual test results for mix D   
 69 
 
E – 5% E – 5.5% 
E – 6% E – 6.5% 
 
E – 7% 
Figure C. 5 Optimum binder content visual test results for mix E   
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F – 5% F – 5.5% 
  
F – 6% F – 6.5% 
 
F – 7% 
Figure C. 6 Optimum binder content visual test results for mix F   
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G – 5% G – 5.5% 
G – 6% G – 6.5% 
 
G – 7% 
Figure C. 7 Optimum binder content visual test results for mix G   
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H – 5% H – 5.5% 
H – 6% H – 6.5% 
 
H – 7% 
Figure C. 8 Optimum binder content visual test results for mix H   
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I – 5% I – 5.5% 
 
I – 6% I – 6.5% 
 
I – 7% 
Figure C. 9 Optimum binder content visual test results for mix I 
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J – 5% J – 5.5% 
 
 
J – 6% J – 6.5% 
 
J – 7% 
Figure C. 10 Optimum binder content visual test results for mix J 
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Appendix D 
Draindown Data 
 
Table D.1 Draindown Data Mix A - E 
Mix 
Binder 
Content 
(%) 
Empty 
Basket 
(g) 
Mixture 
(g) 
Initial 
Plate 
(g) 
Final 
Plate 
(g) 
Draindown 
(%) 
A 
5.0 377.0 1218.7 92.9 92.9 0.00 
5.5 367.1 1215.5 41.9 41.9 0.00 
6.0 275.3 1230.3 42.4 42.4 0.00 
6.5 273.8 1222.3 89.8 89.9 0.01 
7.0 374.3 1214.7 92.4 92.5 0.01 
B 
5.0 366.3 1220.8 92.8 92.8 0.00 
5.5 372.9 1235.7 42.0 42.0 0.00 
6.0 375.3 1214.7 93.9 93.9 0.00 
6.5 374.0 1216.3 93.2 93.2 0.00 
7.0 373.4 1214.8 41.6 41.8 0.02 
C 
5.0 388.3 1229.9 41.8 41.8 0.00 
5.5 387.4 1220.5 88.2 88.2 0.00 
6.0 372.5 1223.1 42.3 42.3 0.00 
6.5 376.4 1222.9 89.3 89.3 0.00 
7.0 365.9 1226.4 42.1 42.1 0.00 
D 
5.0 375.1 1217 88.7 88.9 0.02 
5.5 373.6 1217.5 93.8 93.9 0.01 
6.0 373.1 1211.7 92.9 92.9 0.00 
6.5 441.7 1223.9 93.2 93.2 0.00 
7.0 374.3 1231.5 88.2 88.2 0.00 
E 
5.0 372.5 1211.8 42.0 42.0 0.00 
5.5 370.0 1221.5 92.3 92.3 0.00 
6.0 380.8 1212.3 92.9 93.1 0.02 
6.5 372.1 1236.2 88.2 88.3 0.01 
7.0 367.6 1214.8 89.7 89.8 0.01 
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Table D.2 Draindown Data Mix F - J 
Mix 
Binder 
Content 
(%) 
Empty 
Basket 
(g) 
Mixture 
(g) 
Initial 
Plate 
(g) 
Final 
Plate 
(g) 
Draindown 
(%) 
F 
5.0 369.6 1214.4 41.7 41.8 0.01 
5.5 368.7 1219.6 89.7 89.7 0.00 
6.0 374.9 1216.6 88.2 88.2 0.00 
6.5 370.8 1222.5 42.3 42.2 0.00 
7.0 365.4 1210.9 88.1 88.2 0.01 
G 
5.0 374.3 1225.4 88.5 88.5 0.00 
5.5 367.8 1214.4 41.8 41.9 0.01 
6.0 372.9 1221.2 92.9 92.9 0.00 
6.5 369.7 1214.0 89.3 89.4 0.01 
7.0 371.6 1220.5 42.1 42.2 0.01 
H 
5.0 434.9 1225.1 41.9 41.9 0.00 
5.5 370.2 1223.2 41.9 42.0 0.01 
6.0 387.7 1217.3 41.6 41.6 0.00 
6.5 379.7 1213.8 42.2 42.2 0.00 
7.0 372.3 1235.4 92.8 92.9 0.01 
I 
5.0 372.3 1237.7 42.0 42.0 0.00 
5.5 435.8 1231.9 41.7 41.7 0.00 
6.0 371.2 1208.5 88.3 88.3 0.00 
6.5 376.7 1215.4 42.2 42.3 0.01 
7.0 372.8 1220.9 88.7 88.8 0.01 
J 
5.0 372.1 1230.8 93.2 93.2 0.00 
5.5 372.8 1242.3 88.2 88.3 0.01 
6.0 375.9 1210.0 88.7 88.8 0.01 
6.5 369.8 1215.3 92.3 92.4 0.01 
7.0 438.4 1221.2 94.0 94.0 0.00 
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Appendix E 
Maximum Specific Gravity Data 
 
Table D. 1 Maximum Specific Gravity Data 
Sample 
Mass of 
Bowl in 
Air  
(g) 
Mass of 
Bowl & 
Sample in 
Air  
(g) 
Mass of 
Sample 
in Air 
 (g) 
Mass of 
Submerged 
Sample & 
Bowl  
(g) 
Mass of 
Submerged 
Bowl 
 (g) 
MSG Mean MSG 
A - 1 2478.7 4015.4 1536.7 2464.1 1561.9 2.422 
2.421 A - 2 2478.2 4032.2 1554.0 2473.7 1561.8 2.420 
B - 1 2478.5 4039.1 1560.6 2469.6 1562.0 2.390 
2.399 B - 2 2238.6 3793.3 1554.7 2321.6 1412.5 2.408 
C - 1 2478.6 4059.5 1580.9 2487.1 1562.4 2.409 
2.410 C - 2 2478.4 4032.4 1554.0 2471.8 1562.6 2.410 
D - 1 2238.4 3718.0 1479.6 2281.2 1412.2 2.423 
2.419 D - 2 2478.7 3988.5 1509.8 2447.0 1562.6 2.414 
E - 1 2238.7 3749.5 1510.8 2291.0 1412.2 2.391 
2.389 E - 2 2238.8 3738.2 1499.4 2283.8 1412.3 2.388 
F - 1 2239.1 3745.0 1505.9 2288.4 1412.6 2.390 
2.388 F - 2 2478.6 4022.6 1544.0 2459.4 1562.7 2.385 
G - 1 2478.5 4151.0 1672.5 2531.7 1562.3 2.379 
2.385 G - 2 2238.4 3835.5 1597.1 2341.3 1412.0 2.392 
H - 1 2478.8 3977.1 1498.3 2430.6 1562.3 2.378 
2.378 H - 2 2238.5 3758.7 1520.2 2293.4 1412.3 2.379 
I - 1 2478.5 4073.3 1594.8 2489.6 1561.9 2.391 
2.376 I - 2 2238.4 3858.5 1620.1 2346.9 1412.9 2.361 
J - 1 2478.4 3996.8 1518.4 2450.9 1562.3 2.411 
2.403 J - 2 2238.8 3847.2 1608.4 2349.6 1412.6 2.396 
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Appendix F 
Specific Gravity & Porosity Data 
Table F. 1 Specific Gravity & Porosity Data Mix A - B 
Sample BSG Average ASG Average Porosity (%) 
Average 
(%) 
Std. 
Dev. 
(%) 
C.V. 
(%) 
A - 1 1.865 
1.938 
2.259 
2.317 
17.4 
15.1 2.19 14.5 
A - 2 1.953 2.395 18.4 
A - 3 2.023 2.355 14.1 
A - 4 2.006 2.368 15.3 
A - 5 2.020 2.379 15.1 
A - 6 1.840 2.261 18.6 
A - 7 2.009 2.360 14.9 
A - 8 2.018 2.288 11.8 
A - 9 2.042 2.316 11.8 
A - 10 2.027 2.358 14.0 
A - 11 2.015 2.366 14.8 
A - 12 2.065 2.352 12.2 
A - 13 2.036 2.349 13.4 
A - 14 2.001 2.387 16.2 
A - 15 1.968 2.388 17.6 
A - 16 2.010 2.376 15.4 
B - 1 1.842 
1.941 
2.286 
2.281 
19.4 
13.4 2.35 17.5 
B - 2 2.012 2.384 15.6 
B - 3 2.028 2.381 14.8 
B - 4 2.031 2.321 12.5 
B - 5 2.090 2.342 10.7 
B - 6 2.039 2.378 14.2 
B - 7 2.006 2.382 15.8 
B - 8 2.078 2.393 13.2 
B - 9 2.025 2.310 12.3 
B - 10 2.034 2.362 13.9 
B - 11 2.021 2.374 14.9 
B - 12 2.010 2.272 11.5 
B - 13 2.032 2.324 12.6 
B - 14 2.045 2.284 10.5 
B - 15 2.052 2.344 12.5 
B - 16 2.039 2.276 10.5 
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Table F. 2 Specific Gravity & Porosity Data Mix C - D 
Sample BSG Average ASG Average Porosity (%) 
Average 
(%) 
Std. 
Dev. 
(%) 
C.V. 
(%) 
C - 1 1.875 
1.884 
2.422 
2.399 
22.6 
20.0 1.38 6.9 
C - 2 1.847 2.355 21.6 
C - 3 1.913 2.407 20.5 
C - 4 1.859 2.385 22.1 
C - 5 1.890 2.360 19.9 
C - 6 1.836 2.283 19.6 
C - 7 1.900 2.324 18.2 
C - 8 1.926 2.371 18.7 
C - 9 1.905 2.385 20.1 
C - 10 1.861 2.278 18.3 
C - 11 1.936 2.385 18.8 
C - 12 1.820 2.266 19.7 
C - 13 1.786 2.271 21.3 
C - 14 1.931 2.396 19.4 
C - 15 1.843 2.252 18.2 
C - 16 1.893 2.375 20.3 
D - 1 1.963 
1.979 
2.299 
2.292 
14.6 
14.7 1.50 10.2 
D - 2 1.959 2.343 16.4 
D - 3 1.943 2.266 14.2 
D - 4 1.971 2.270 13.2 
D - 5 1.984 2.323 14.6 
D - 6 1.883 2.244 16.1 
D - 7 1.982 2.304 14.0 
D - 8 1.984 2.339 15.2 
D - 9 1.941 2.325 16.5 
D - 10 2.011 2.269 11.4 
D - 11 1.965 2.277 13.7 
D - 12 2.009 2.362 14.9 
D - 13 1.954 2.356 17.1 
D - 14 1.894 2.240 15.4 
D - 15 1.956 2.287 14.5 
D - 16 1.995 2.284 12.7 
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Table F. 3 Specific Gravity & Porosity Data Mix E - F 
Sample BSG Average ASG Average Porosity (%) 
Average 
(%) 
Std. 
Dev. 
(%) 
C.V. 
(%) 
E - 1 2.022 
2.038 
2.291 
2.295 
11.8 
12.8 2.14 16.7 
E - 2 1.865 2.220 16.0 
E - 3 1.906 2.218 14.1 
E - 4 2.020 2.360 14.4 
E - 5 2.003 2.183 8.2 
E - 6 1.990 2.244 11.3 
E - 7 2.021 2.364 14.5 
E - 8 1.932 2.168 10.9 
E - 9 2.004 2.365 15.3 
E - 10 1.998 2.241 10.9 
E - 11 2.019 2.271 11.1 
E - 12 2.034 2.373 14.3 
E - 13 2.034 2.359 13.8 
E - 14 2.017 2.360 14.5 
E - 15 1.932 2.228 13.3 
E - 16 2.054 2.299 10.7 
F - 1 1.960 
1.950 
2.382 
2.319 
17.7 
14.7 2.11 14.4 
F - 2 1.935 2.272 14.8 
F - 3 1.943 2.383 18.5 
F - 4 1.973 2.369 16.7 
F - 5 1.974 2.360 16.3 
F - 6 2.012 2.351 14.4 
F - 7 1.960 2.223 11.8 
F - 8 1.970 2.243 12.1 
F - 9 1.891 2.235 15.4 
F - 10 1.999 2.353 15.0 
F - 11 1.956 2.216 11.7 
F - 12 2.005 2.362 15.1 
F - 13 1.993 2.355 15.4 
F - 14 1.944 2.194 11.4 
F - 15 1.999 2.330 14.2 
F - 16 1.940 2.256 14.0 
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Table F. 4 Specific Gravity & Porosity Data Mix G - H 
Sample BSG Average ASG Average Porosity (%) 
Average 
(%) 
Std. 
Dev. 
(%) 
C.V. 
(%) 
G - 1 1.948 
1.966 
2.272 
2.316 
14.3 
14.1 1.97 14.0 
G - 2 1.946 2.237 13.0 
G - 3 1.949 2.249 13.3 
G - 4 2.025 2.341 13.5 
G - 5 2.016 2.370 14.9 
G - 6 1.991 2.223 10.4 
G - 7 1.803 2.226 19.0 
G - 8 1.940 2.214 12.4 
G - 9 1.872 2.247 16.7 
G - 10 1.975 2.249 12.2 
G - 11 2.036 2.354 13.5 
G - 12 1.944 2.242 13.3 
G - 13 2.022 2.362 14.4 
G - 14 2.016 2.358 14.5 
G - 15 2.029 2.366 14.3 
G - 16 1.984 2.359 15.9 
H - 1 2.061 
2.104 
2.378 
2.368 
13.3 
8.4 2.56 30.4 
H - 2 2.095 2.376 11.8 
H - 3 2.128 2.381 10.7 
H - 4 2.113 2.357 10.3 
H - 5 2.168 2.346 7.6 
H - 6 2.144 2.348 8.7 
H - 7 2.160 2.342 7.8 
H - 8 2.134 2.353 9.3 
H - 9 2.136 2.352 9.2 
H - 10 2.117 2.241 5.5 
H - 11 2.151 2.309 6.9 
H - 12 2.112 2.346 10.0 
H - 13 2.215 2.305 3.9 
H - 14 2.169 2.309 6.1 
H - 15 2.195 2.309 5.0 
H - 16 2.146 2.358 9.0 
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Table F. 5 Specific Gravity & Porosity Data Mix I - J 
Sample BSG Average ASG Average Porosity (%) 
Average 
(%) 
Std. 
Dev. 
(%) 
C.V. 
(%) 
I - 1 1.947 
2.011 
2.273 
2.323 
14.3 
11.2 1.92 17.2 
I - 2 2.061 2.396 14.0 
I - 3 2.044 2.321 12.0 
I - 4 2.061 2.348 12.2 
I - 5 2.086 2.250 7.3 
I - 6 2.066 2.371 12.8 
I - 7 2.075 2.265 8.4 
I - 8 2.057 2.285 10.0 
I - 9 2.087 2.368 11.9 
I - 10 2.064 2.333 11.5 
I - 11 2.065 2.280 9.4 
I - 12 2.088 2.316 9.8 
I - 13 2.079 2.349 11.5 
I - 14 2.073 2.339 11.4 
I - 15 2.067 2.297 10.0 
I - 16 2.075 2.373 12.6 
J - 1 2.077 
2.095 
2.368 
2.343 
12.3 
10.6 1.26 11.9 
J - 2 2.112 2.381 11.3 
J - 3 2.052 2.337 12.2 
J - 4 2.134 2.326 8.2 
J - 5 2.107 2.381 11.5 
J - 6 2.147 2.380 9.8 
J - 7 2.097 2.342 10.5 
J - 8 2.103 2.369 11.2 
J - 9 2.108 2.385 11.6 
J - 10 2.089 2.329 10.3 
J - 11 2.098 2.371 11.6 
J - 12 2.112 2.371 10.9 
J - 13 2.124 2.380 10.8 
J - 14 2.171 2.368 8.3 
J - 15 2.120 2.375 10.7 
J - 16 2.113 2.318 8.8 
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Appendix G 
Volumetric Properties 
Table G. 1 Volumetric Properties Mix A - B 
Sample 
Air 
Voids 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VMA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VFA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
A - 1 22.95 
17.66 2.53 
35.94 
31.54 2.10 
36.14 
44.26 3.93 
A - 2 19.33 32.93 41.30 
A - 3 16.46 30.54 46.11 
A - 4 17.13 31.10 44.93 
A - 5 16.56 30.63 45.93 
A - 6 24.01 36.82 34.79 
A - 7 17.03 31.02 45.09 
A - 8 16.63 30.68 45.81 
A - 9 15.65 29.87 47.60 
A - 10 16.27 30.38 46.46 
A - 11 16.77 30.80 45.55 
A - 12 14.71 29.09 49.42 
A - 13 15.92 30.09 47.11 
A - 14 17.36 31.29 44.53 
A - 15 18.73 32.43 42.25 
A - 16 16.98 30.98 45.18 
B - 1 23.20 
15.63 2.23 
36.21 
29.92 1.85 
35.93 
47.98 3.72 
B - 2 16.13 30.34 46.83 
B - 3 15.45 29.77 48.10 
B - 4 15.33 29.67 48.32 
B - 5 12.87 27.63 53.42 
B - 6 15.00 29.39 48.98 
B - 7 16.38 30.54 46.37 
B - 8 13.40 28.07 52.26 
B - 9 15.57 29.87 47.87 
B - 10 15.20 29.56 48.58 
B - 11 15.75 30.02 47.53 
B - 12 16.20 30.39 46.70 
B - 13 15.29 29.64 48.41 
B - 14 14.77 29.21 49.42 
B - 15 14.47 28.96 50.02 
B - 16 15.02 29.42 48.93 
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Table G. 2 Volumetric Properties Mix C - D 
Sample 
Air 
Voids 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VMA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VFA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
C - 1 22.20 
22.13 1.78 
34.35 
34.29 1.50 
35.37 
35.55 2.34 
C - 2 23.34 35.31 33.90 
C - 3 20.62 33.01 37.55 
C - 4 22.84 34.89 34.53 
C - 5 21.57 33.82 36.21 
C - 6 23.82 35.72 33.30 
C - 7 21.13 33.45 36.81 
C - 8 20.06 32.54 38.36 
C - 9 20.94 33.29 37.08 
C - 10 22.78 34.84 34.61 
C - 11 19.66 32.20 38.96 
C - 12 24.47 36.26 32.52 
C - 13 25.86 37.44 30.92 
C - 14 19.87 32.38 38.63 
C - 15 23.51 35.45 33.68 
C - 16 21.43 33.69 36.41 
D - 1 18.82 
18.87 1.47 
32.50 
32.54 1.22 
42.07 
42.07 2.28 
D - 2 19.03 32.66 41.75 
D - 3 19.67 33.20 40.76 
D - 4 18.52 32.24 42.56 
D - 5 17.95 31.77 43.49 
D - 6 22.14 35.25 37.20 
D - 7 18.07 31.87 43.30 
D - 8 17.96 31.78 43.48 
D - 9 19.74 33.25 40.65 
D - 10 16.85 30.86 45.38 
D - 11 18.76 32.44 42.18 
D - 12 16.92 30.91 45.27 
D - 13 19.20 32.81 41.48 
D - 14 21.69 34.88 37.81 
D - 15 19.14 32.76 41.57 
D - 16 17.53 31.42 44.21 
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Table G. 3 Volumetric Properties Mix E - F 
Sample 
Air 
Voids 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VMA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VFA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
E - 1 15.37 
16.37 2.03 
29.64 
30.48 1.69 
48.16 
46.46 3.43 
E - 2 21.94 35.11 37.50 
E - 3 15.28 29.57 48.33 
E - 4 15.44 29.70 48.02 
E - 5 16.17 30.31 46.66 
E - 6 16.70 30.75 45.70 
E - 7 15.40 29.67 48.09 
E - 8 19.16 32.79 41.58 
E - 9 16.12 30.26 46.75 
E - 10 16.39 30.50 46.24 
E - 11 15.48 29.73 47.95 
E - 12 14.87 29.23 49.13 
E - 13 14.89 29.24 49.09 
E - 14 15.56 29.81 47.79 
E - 15 19.14 32.78 41.61 
E - 16 14.04 28.54 50.80 
F - 1 17.93 
17.66 1.33 
31.76 
31.54 1.10 
43.55 
44.08 2.22 
F - 2 18.96 32.62 41.88 
F - 3 18.63 32.34 42.41 
F - 4 17.35 31.28 44.54 
F - 5 17.32 31.26 44.58 
F - 6 15.72 29.93 47.47 
F - 7 17.89 31.73 43.62 
F - 8 17.47 31.38 44.33 
F - 9 20.79 34.14 39.11 
F - 10 16.28 30.39 46.44 
F - 11 18.07 31.88 43.32 
F - 12 16.04 30.20 46.87 
F - 13 16.54 30.61 45.96 
F - 14 18.56 32.29 42.52 
F - 15 16.26 30.38 46.47 
F - 16 18.73 32.43 42.24 
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Table G. 4 Volumetric Properties Mix G - H 
Sample 
Air 
Voids 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VMA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VFA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
G - 1 18.33 
17.47 2.63 
31.90 
31.18 2.19 
42.53 
44.24 4.20 
G - 2 18.42 31.97 42.39 
G - 3 18.28 31.85 42.62 
G - 4 15.10 29.20 48.30 
G - 5 15.47 29.51 47.58 
G - 6 16.52 30.39 45.63 
G - 7 24.40 36.96 33.97 
G - 8 18.67 32.18 41.98 
G - 9 21.51 34.54 37.74 
G - 10 17.20 30.95 44.44 
G - 11 14.63 28.81 49.22 
G - 12 18.49 32.02 42.27 
G - 13 15.23 29.31 48.03 
G - 14 15.48 29.52 47.56 
G - 15 14.95 29.07 48.59 
G - 16 16.84 30.65 45.06 
H - 1 13.34 
10.01 1.58 
28.29 
25.54 1.31 
52.85 
60.99 4.23 
H - 2 11.91 27.11 56.06 
H - 3 10.54 25.98 59.41 
H - 4 11.15 26.48 57.90 
H - 5 8.84 24.57 64.02 
H - 6 9.85 25.40 61.23 
H - 7 9.18 24.85 63.06 
H - 8 10.29 25.77 60.06 
H - 9 10.20 25.69 60.29 
H - 10 10.97 26.33 58.33 
H - 11 9.58 25.18 61.95 
H - 12 11.21 26.53 57.74 
H - 13 6.85 22.92 70.11 
H - 14 8.82 24.55 64.08 
H - 15 7.73 23.65 67.30 
H - 16 9.77 25.33 61.44 
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Table G. 5 Volumetric Properties Mix I - J 
Sample 
Air 
Voids 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VMA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
VFA 
(%) 
Average 
(%) 
Std. 
Dev. 
(%) 
I - 1 18.05 
13.20 1.39 
31.24 
27.17 1.16 
42.20 
51.50 2.72 
I - 2 13.25 27.20 51.30 
I - 3 13.99 27.82 49.73 
I - 4 13.24 27.19 51.32 
I - 5 12.19 26.31 53.69 
I - 6 13.03 27.02 51.77 
I - 7 12.67 26.71 52.58 
I - 8 13.44 27.36 50.88 
I - 9 12.17 26.30 53.71 
I - 10 13.15 27.12 51.52 
I - 11 13.07 27.06 51.68 
I - 12 12.11 26.25 53.85 
I - 13 12.50 26.57 52.96 
I - 14 12.74 26.77 52.43 
I - 15 12.99 26.99 51.86 
I - 16 12.68 26.73 52.55 
J - 1 13.59 
12.19 1.14 
27.65 
26.48 0.96 
50.84 
54.04 2.68 
J - 2 12.11 26.41 54.15 
J - 3 14.62 28.51 48.72 
J - 4 11.20 25.65 56.33 
J - 5 12.32 26.58 53.66 
J - 6 10.65 25.18 57.73 
J - 7 12.74 26.94 52.69 
J - 8 12.49 26.73 53.26 
J - 9 12.28 26.55 53.75 
J - 10 13.08 27.22 51.94 
J - 11 12.72 26.92 52.74 
J - 12 12.11 26.41 54.14 
J - 13 11.61 25.99 55.32 
J - 14 9.67 24.37 60.30 
J - 15 11.80 26.15 54.87 
J - 16 12.08 26.39 54.21 
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Appendix H 
Permeability Data 
Table H. 1 Permeability Data  
Sample Permeability (m/day) 
Average 
(m/day) 
Std. 
Dev. 
(m/day) 
C.V. 
(%) 
A - 1 247 
176 71.7 40.8 A - 4 185 
A - 12 104 
B - 2 188 
183 13.5 7.4 B - 5 161 
B - 6 178 
C - 1 470 
415 64.2 15.5 C - 7 358 
C - 14 361 
D - 10 134 
140 12.5 8.9 D - 12 122 
D - 13 147 
E - 2 79 
85 7.2 8.5 E - 5 78 
E - 13 91 
F - 3 141 
134 25.2 18.9 F - 11 92 
F - 16 126 
G - 2 174 
157 28.2 18.0 G - 6 118 
G - 7 140 
H - 1 38 
25 12.8 50.2 H - 7 32 
H - 13 13 
I - 1 114 
112 9.5 8.5 I - 5 96 
I - 9 109 
J - 1 170 
122 50.6 41.6 J - 2 98 
J - 4 73 
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Appendix I 
Cantabro Abrasion Data 
Table I. 1 Unaged Cantabro Abrasion Data 
Sample Abrasion Loss (%) 
Average 
(%) 
Std. Dev. 
(%) 
C.V. 
(%) 
A - 3 2.1 
3.4 1.4 39.3 A - 5 3.4 
A - 14 4.8 
B - 4 2.2 
2.7 0.8 30.5 B - 11 2.2 
B - 13 3.6 
C - 3 14.7 
16.3 4.8 29.6 C - 5 21.8 
C - 6 12.5 
D - 1 3.8 
2.7 1.1 39.7 D - 7 1.7 
D - 14 2.7 
E - 6 1.7 
3.4 2.3 68.0 E - 11 2.4 
E - 14 6.0 
F - 6 5.7 
3.5 2.0 57.3 F - 10 2.0 
F - 12 2.7 
G - 1 19.0 
11.5 6.5 56.9 G - 8 7.4 
G - 16 8.0 
H - 4 3.4 
2.7 1.1 41.5 H - 8 3.2 
H - 10 1.4 
I - 6 6.4 
5.5 0.9 15.7 I - 11 5.2 
I - 14 4.8 
J - 5 5.2 
5.6 0.5 9.3 J - 9 6.2 
J - 16 5.4 
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Table I. 2 Aged Cantabro Abrasion Data 
Sample Abrasion Loss (%) 
Average 
(%) 
Std. Dev. 
(%) 
C.V. 
(%) 
A - 7 4.2 
6.3 1.9 29.7 A - 11 7.0 
A - 16 7.8 
B - 7 7.4 
7.1 3.0 41.9 B - 12 10.0 
B - 15 4.0 
C - 9 6.8 
6.0 0.7 12.0 C - 12 5.8 
C - 16 5.4 
D - 3 6.0 
4.5 1.4 31.8 D - 8 4.3 
D - 15 3.2 
E - 7 4.8 
2.6 2.0 79.3 E - 15 2.0 
E - 16 0.9 
F - 2 10.2 
6.1 3.6 59.3 F - 9 4.7 
F - 15 3.4 
G - 3 15.4 
9.4 5.4 57.8 G - 5 7.8 
G - 15 5.0 
H - 5 1.9 
1.8 0.1 6.3 H - 6 1.7 
H - 9 1.8 
I - 3 6.8 
5.3 1.3 24.5 I - 8 4.2 
I - 10 5.1 
J - 6 2.9 
3.3 1.0 30.2 J - 11 4.4 
J - 15 2.6 
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Appendix J 
Cantabro Abrasion Photos 
 
 
  
A - Aged                 A - Unaged 
Figure J. 1 Cantabro Abrasion Photos for Mix A - Aged vs. Unaged 
 
 
  
B - Aged B - Unaged 
Figure J. 2 Cantabro Abrasion Photos for Mix B - Aged vs. Unaged 
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C - Aged C - Unaged 
Figure J. 3 Cantabro Abrasion Photos for Mix C - Aged vs. Unaged 
 
 
 
  
D - Aged D - Unaged 
Figure J. 4 Cantabro Abrasion Photos for Mix D - Aged vs. Unaged 
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E - Aged E - Unaged 
Figure J. 5 Cantabro Abrasion Photos for Mix E - Aged vs. Unaged 
 
 
 
 
  
F - Aged F - Unaged 
Figure J. 6 Cantabro Abrasion Photos for Mix F - Aged vs. Unaged 
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G - Aged G - Unaged 
Figure J. 7 Cantabro Abrasion Photos for Mix G - Aged vs. Unaged 
 
 
 
  
H - Aged H - Unaged 
Figure J. 8 Cantabro Abrasion Photos for Mix H - Aged vs. Unaged 
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I - Aged I - Unaged 
Figure J. 9 Cantabro Abrasion Photos for Mix I - Aged vs. Unaged 
 
 
 
  
J - Aged J - Unaged 
Figure J. 10 Cantabro Abrasion Photos for Mix J - Aged vs. Unaged 
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Appendix K 
Indirect Tensile Strength Data  
Table K. 1 Indirect Tensile Strength Data for Dry Condition  
Sample 
Indirect 
Tensile 
Strength 
….….(%)….…. 
Average 
(%) 
Std. 
Dev. 
(%) 
C.V. 
(%) 
A-2 389 439 71.5 16.3 
A-8 490 
B-3 474 482 11.7 2.4 
B-9 491 
C-2 263 302 54.6 18.1 
C-15 340 
D-2 506 555 68.6 12.4 
D-4 603 
E-8 611 587 34.0 5.8 
E-12 563 
F-4 522 520 2.3 0.4 
F-8 519 
G-4 516 494 32.1 6.5 
G-13 471 
H-3 752 755 3.5 0.5 
H-14 757 
I-4 568 537 43.8 8.2 
I-15 506 
J-7 514 558 62.1 11.1 
J-13 602 
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Table K. 2 Indirect Tensile Strength Data for Freeze/Thaw Condition  
Sample 
Indirect 
Tensile 
Strength 
….….(%)….…. 
Average 
(%) 
Std. 
Dev. 
(%) 
C.V. 
(%) 
A-6 472 494 31.0 6.3 
A-9 516 
B-8 455 466 14.6 3.1 
B-10 476 
C-10 347 350 4.5 1.3 
C-13 353 
D-6 428 451 32.2 7.1 
D-11 474 
E-4 602 590 17.3 2.9 
E-10 578 
F-1 480 467 18.6 4.0 
F-14 454 
G-11 449 450 0.9 0.2 
G-14 450 
H-11 707 655 72.9 11.1 
H-12 604 
I-12 530 498 46.0 9.2 
I-16 465 
J-10 474 509 48.4 9.5 
J-12 543 
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Appendix L 
Rutting Resistance Data 
Table L. 1 Rutting Depth Data for Mix A 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
A-10 2.48 3.55 4.50 5.28 5.92 6.20 6.56 
3.17 3.15 4.57 4.97 5.19 5.11 5.41 
A-13 1.46 1.86 2.35 2.77 3.30 4.40 5.26 
2.09 2.67 3.58 4.18 4.59 5.54 6.03 
A-15 2.48 3.40 3.68 3.96 4.32 4.88 5.68 
3.39 3.48 3.87 4.38 4.60 4.94 5.52 
Mean 
(mm) 2.51 3.02 3.76 4.26 4.65 5.18 5.74 
St. Dev. 
(mm) 0.706 0.651 0.805 0.880 0.877 0.621 0.479 
C.V. (%) 28.10 21.58 21.43 20.68 18.84 12.00 8.34 
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Figure L. 1 Rut Development Curve for Mix A 
Table L. 2 Rutting Depth Data for Mix B 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
B-1 1.83 2.31 3.68 4.17 4.96 5.20 5.63 
2.22 3.54 3.48 3.63 4.04 4.47 5.04 
B-14 1.82 2.57 3.96 4.31 5.73 6.82 7.34 
2.12 2.35 3.54 4.67 4.92 5.73 6.82 
B-16 1.58 3.30 4.12 4.61 4.71 5.46 5.76 
2.23 3.71 4.48 4.54 4.49 4.83 5.27 
Mean 
(mm) 1.97 2.96 3.88 4.32 4.81 5.42 5.98 
St. Dev. 
(mm) 0.263 0.626 0.385 0.388 0.563 0.819 0.907 
C.V. (%) 13.39 21.13 9.92 8.98 11.71 15.12 15.18 
 
 
Figure L. 2 Rut Development Curve for Mix B 
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Table L. 3 Rutting Depth Data for Mix C 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
C-4 4.77 5.70 4.67 5.12 6.16 7.01 8.01 
4.39 4.67 5.36 6.14 6.66 7.60 7.75 
C-8 1.54 2.20 2.98 4.87 5.17 6.43 7.15 
2.73 2.30 2.54 3.15 3.37 4.43 4.98 
C-11 1.51 2.29 2.42 3.88 4.10 4.52 5.24 
2.43 2.80 2.78 3.48 3.73 4.59 5.12 
Mean 
(mm) 2.90 3.33 3.46 4.44 4.87 5.76 6.38 
St. Dev. 
(mm) 1.396 1.491 1.241 1.135 1.349 1.419 1.412 
C.V. (%) 48.23 44.81 35.87 25.55 27.73 24.63 22.15 
 
 
Figure L. 3 Rut Development Curve for Mix C 
 
y = 1.3461ln(x) - 5.851
R² = 0.95
0
1
2
3
4
5
6
7
8
0 1000 2000 3000 4000 5000 6000 7000 8000
M
ea
n
 
R
u
tt
in
g 
D
ep
th
 
(m
m
)
Cycles
Primary Dynamic Stability
y = 0.0058x
Secondary Dynamic Stability
y = 0.0003x + 3.9044 
 101 
 
 
Table L. 4 Rutting Depth Data for Mix D 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
D-5 2.11 2.90 2.95 3.37 3.96 5.10 5.34 
1.69 3.08 2.30 3.62 3.70 3.75 6.42 
D-9 2.36 3.24 4.22 4.71 5.05 8.14 8.28 
2.65 3.35 4.19 5.15 6.92 7.10 7.69 
D-16 1.89 2.19 3.19 3.81 3.80 5.34 6.44 
2.17 3.26 3.55 3.85 4.48 6.26 6.98 
Mean 
(mm) 2.15 3.00 3.40 4.09 4.65 5.95 6.86 
St. Dev. 
(mm) 0.339 0.429 0.745 0.690 1.220 1.559 1.039 
C.V. (%) 15.81 14.28 21.91 16.90 26.23 26.21 15.15 
 
 
Figure L. 4 Rut Development Curve for Mix D 
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Table L. 5 Rutting Depth Data for Mix E 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
E-1 1.34 1.90 1.81 3.04 3.03 4.29 4.20 
1.37 2.26 2.47 3.33 3.77 4.70 5.05 
E-3 2.08 2.69 3.38 4.29 4.91 5.13 5.39 
1.93 2.80 3.43 4.17 4.88 5.48 5.45 
E-9 1.40 3.62 4.76 5.02 5.32 5.71 5.68 
1.68 2.93 4.07 3.97 4.57 5.24 5.31 
Mean 
(mm) 1.63 2.70 3.32 3.97 4.41 5.09 5.18 
St. Dev. 
(mm) 0.316 0.590 1.063 0.710 0.853 0.520 0.522 
C.V. (%) 19.35 21.87 32.03 17.88 19.33 10.22 10.07 
 
 
Figure L. 5 Rut Development Curve for Mix E 
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Table L. 6 Rutting Depth Data for Mix F 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
F-5 3.10 3.86 4.38 4.56 4.94 5.73 7.96 
3.05 3.75 4.86 5.17 5.36 5.66 7.35 
F-7 4.12 3.83 4.27 4.60 5.85 6.17 7.90 
2.62 3.38 3.95 4.35 5.58 5.78 7.32 
F-13 4.52 4.32 5.58 5.78 6.25 7.23 9.49 
5.78 6.18 6.47 7.28 9.26 10.03 12.82 
Mean 
(mm) 3.87 4.22 4.92 5.29 6.21 6.77 8.81 
St. Dev. 
(mm) 1.180 1.006 0.948 1.105 1.560 1.703 2.119 
C.V. (%) 30.53 23.84 19.28 20.89 25.13 25.16 24.06 
 
 
Figure L. 6 Rut Development Curve for Mix F 
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Table L. 7 Rutting Depth Data for Mix G 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
G-9 2.07 2.56 3.75 3.76 4.87 5.44 6.79 
3.40 4.31 4.76 4.94 5.47 5.93 6.47 
G-10 2.48 4.09 3.77 3.91 4.62 5.09 5.38 
2.33 2.94 3.42 3.92 3.88 4.22 4.23 
G-12 1.77 2.25 1.97 2.89 2.95 2.99 4.04 
1.36 1.76 2.45 2.53 2.69 3.45 4.18 
Mean 
(mm) 1.99 2.76 2.90 3.31 3.54 3.94 4.46 
St. Dev. 
(mm) 0.517 1.010 0.836 0.711 0.886 0.921 0.620 
C.V. (%) 26.03 36.60 28.79 21.47 25.05 23.38 13.91 
 
 
Figure L. 7 Rut Development Curve for Mix G 
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Table L. 8 Rutting Depth Data for Mix H 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
H-2 1.07 2.39 2.50 2.84 3.66 3.77 4.31 
1.13 2.15 2.11 2.25 3.23 3.79 4.38 
H-15 2.23 3.10 4.12 4.90 5.48 6.81 8.67 
2.50 4.31 4.39 4.77 6.02 6.72 8.22 
H-16 1.57 1.93 1.96 2.78 2.97 3.19 3.76 
1.32 2.51 2.53 2.86 3.26 3.53 4.87 
Mean 
(mm) 1.64 2.73 2.94 3.40 4.10 4.64 5.70 
St. Dev. 
(mm) 0.597 0.869 1.049 1.135 1.306 1.664 2.159 
C.V. (%) 36.45 31.80 35.75 33.38 31.82 35.91 37.86 
 
 
Figure L. 8 Rut Development Curve for Mix H 
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Table L. 9 Rutting Depth Data for Mix I 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
I-2 1.99 2.38 2.55 2.60 3.02 2.95 3.35 
1.29 2.06 2.40 2.73 3.18 3.26 3.75 
I-7 2.93 3.55 4.61 5.17 5.20 5.71 5.42 
2.63 3.26 3.95 4.57 5.99 5.76 6.16 
I-13 2.25 2.70 3.27 3.61 4.02 4.15 4.74 
1.39 1.54 1.81 2.26 2.51 2.65 3.24 
Mean 
(mm) 2.08 2.58 3.10 3.49 3.99 4.08 4.44 
St. Dev. 
(mm) 0.658 0.750 1.048 1.174 1.360 1.377 1.193 
C.V. (%) 31.62 29.04 33.81 33.63 34.12 33.75 26.84 
 
 
Figure L. 9 Rut Development Curve for Mix I 
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Table L. 10 Rutting Depth Data for Mix J 
Sample 
      Cycles       
500 1000 1500 2000 3000 5000 8000 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
Depth 
(mm) 
J-3 2.31 2.71 3.17 3.89 4.33 5.11 5.91 
2.89 3.29 3.63 3.76 3.82 4.69 5.73 
J-8 2.37 3.61 4.48 5.71 6.14 6.08 6.67 
3.09 2.22 3.50 4.47 4.73 5.46 6.02 
J-14 1.14 1.18 2.88 2.87 3.11 3.80 3.85 
1.74 1.17 2.89 2.94 3.26 3.44 3.42 
Mean 
(mm) 2.26 2.36 3.43 3.94 4.23 4.76 5.27 
St. Dev. 
(mm) 0.725 1.037 0.601 1.058 1.120 1.002 1.310 
C.V. (%) 32.11 43.88 17.56 26.85 26.47 21.04 24.88 
 
 
Figure L. 10 Rut Development Curve for Mix J 
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